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SONE ASPECTS OF SENSORY A C T I V I T Y  A S  A P P L I E D  TO PROBLEMS I N  
SPACE PHYSIOLOGY 

V. D. Glezer, V. A .  Kislyakov, V. A.  Kozhevnikov, V. N .  
Chernigovskiy, and L. A.  Chistovich 

&* 
There i s  no doubt t h a t  t h e  normal func t ioning  of t h e  sensory systems 

i s  a major condi t ion  f o r  e f f e c t i v e  adapta t ion  t o  t h e  environment i n  

genera l  and t o  the  complex ambient medium of space i n  p a r t i c u l a r .  I n  

t h e  l a t t e r ,  t h e  i n t e r a c t i o n  of man and automatic devices ,  i.e., t he  

"man-machine" s i t u a t i o n ,  i s  of utmost importance. Almost f r eed  from t h e  

need t o  perform physical  work, the as t ronaut  must solve problems con- 

nected with c o n t r o l l i n g  the  spacecraf t ,  ca r ry  out a v a r i e t y  o f  observa- 

t i o n s ,  and make rap id  and cor rec t  decis ions.  A l l  t he se  t a sks  a r e  as- 

soc ia t ed  with the  a c q u i s i t i o n  and processing of information, t h e  most 

important phase of which i s  e f f ec t ive  coding and coord ina t ion  of machine 

c h a r a c t e r i s t i c s  with the  "capacity" of t he  astronaut-operator .  

I n  accordance with t h i s  general  problem, our r e p o r t  w i l l  d ea l  /e 

with seve ra l  important matters relating t o  t h e  obta in ing  and processing 

of information and t o  t h e  recogni t ion of sensory images. These mat te rs  

n a t u r a l l y  do not exhaust t h e  problem, but w e  s h a l l  concentrate  on them 

because of our experience i n  t h e  f i e l d .  The f i r s t  p e r t a i n s  t o  t h e  

problem, of o r i e n t a t i o n  i n  space and i t  has been s tud ied  i n  experiments 

on animals ( V .  A .  Kislyakov e t  a l . ) .  The second involves  the  recogni t ion  

of v i s u a l  images ( V .  D. Glezer e t  al .) .  The t h i r d  dea l s  with t h e  

recogni t ion  of speech sounds ( V .  A .  Koxhevnikov, 

*Numbers given i n  the margin indicate the pagination 
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The second and t h i r d  sub jec t s  are  based on d a t a  obtained from ob- 

se rva t ions  on human beings. Our so lu t ions  a r e  t e n t a t i v e  and subjec t  t o  

f u r t h e r  i nves t  i gat i o n. 

* * * 

We s h a l l  begin by discussing the  na ture  of t h e  general  scheme 

t h a t  we have adopted f o r  use i n  so lv ing  t h e  problems. It i s  an acknow- 

ledged f a c t  t h a t  t h e  quest ion of t h e  most e f f i c i e n t  d i s t r i b u t i o n  of 

func t ions  as between man and machines cannot be answered empir ica l ly  

o r  on the  bas i s  of common sense. It r equ i r e s  a deep t h e o r e t i c a l  study of 

engineer ing psychology. A s u b s t a n t i a l  mass of  information has accumulated 

i n  recent  years  on c e r t a i n  parameters of t he  man-operator. However, t he  

d a t a  apply mainly t o  elementary funct ions - work a t  the con t ro l  panel,  

keeping an objec t  under observation, e tc .  Much less a t t e n t i o n  has  been 

paid t o  the  problems confront ing the  commander of t he  spacecraf t  /3 
and observer - inves t iga tor  when the volume of information may be very 

l a r g e  and e r r o r s  i n  reaching a decis ion l i k e l y  t o  be d isas t rous .  

The p lace  and r o l e  of t h e  astronaut  i n  t h e  o v e r a l l  system of processing 

information and. con t ro l  are s c h e W i c a l l y  shown i n  T i g .  1. 
I 
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The as t ronaut  c h a r a c t e r i s t i c a l l y  d e a l s  not only with the  da t a  ob- 

t a ined  from d i r e c t  observat ion of a s i t u a t i o n ,  but with the  r e s u l t s  of 

automatic processing and evaluat ion of information p a r t l y  

bY 

performed 

The s igna l s  i n  u n i t  N (Fig. l), which descr ibe  s i t u a t i o n s  
i & 3 7 t * w u ~  ts. 

i n  symbolic and abbreviated form, represent  input  information f o r  the 

as t ronaut .  Another f e a t u r e  of t he  o p e r a t o r ' s  work i s  t h a t  h i s  ac t ions  

a r e  not ordinary d i r e c t  a c t i o a s  with ob jec t s  but con t ro l  s igna l s  which 

must be recognized, i n t eg ra t ed  by t h e  automatic con t ro l  system, and co- 

ordinated with o the r  signals c i r c u l a t i n g  i n  t h e  system. 

A major t a s k  of engineer ing psychology i s  t o  s e l e c t  t he  optimal 

system of s i g n a l s  f o r  de l ive r ing  information t o  t h e  opera tor  and 

t h e  optimal system of ac t ions  by which t h e  operatoz informat i o n  
Az&Blh,* 

t o  t h e  machines. 

The opera t ions  involved i n  the  processing of information by man 

( t h e  p a r t  of  t h e  diagram enclosed i n  broken l i n e s  i n  Fig. 1) c l e a r l y  

belong t o  t he  sphere of thought. Although we do not as ye t  know what 

i n t e l l e c t u a l  opera t ions  ac tua l ly  a r e ,  we never the less  must assume 

/4 

t h a t  they a r e  performed i n  response t o  c e r t a i n  s i g n a l s  o r  symbols. It 

i s  l o g i c a l l y  necessary t o  assume t h a t  these  symbols form an ordered set ,  

a d i c t iona ry  of thought, and t h a t  t he re  a r e ,  i n  addi t ion ,  d e f i n i t e  

r u l e s  governing t h e  a n a l y s i s  and synthes is  of  groups ( s e r i e s )  of  symbols. 
&he / a h p a g e  

The d ic t iona ry  and r u l e s  toge ther  make up what may be ca l l ed  

of thought . 
a n  *,c 

Assuming language o f  thought, we must n a t u r a l l y  a d d  t o  the  
&c 

scheme forAprocess ing  of information 3:. man (ii'ig. 1) a t  l e a s t  two more 

units, i ,e, ,  an  input  f o r  t r a n s l a t i o n  from t h e  language of  t h e  
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s i g n a l s  received i n t o  the  language of  thought and an  output f o r  

t r a n s l a t i o n  from the  language of thought i n t o  the  language of ac t ions .  

The capac i ty  of t h e  system w i l l  n a tu ra l ly  be g rea t e r ,  t h e  simpler 

t he  t ranslat ionAfrom the  language of thought i n t o  t h e  language of act ions.  

It would be optimal i f  t h e  t w o  languages coincided. There i s  a prevalent  

i s  

view i n  psychological l i t e r a t u r e  t h a t  t he  th ink ing  of  a d u l t  human beings 

i s  largely verbal  and that i t  also c o n s i s t s  of operat ions with v i s u a l  
1-m e 

Deeming these  assumptions highly p laus ib le ,  we advanced the  

hypothesis t h a t  a combination of o r a l  and v i s u a l  communications i s  t h e  

best  means of providing t h e  operator with "input" da t a  and t h a t  h i s  

o r a l  i n s t r u c t i o n s ,  possibly combined with some simple motor a c t s ,  

are t h e  best  con t ro l  signals. E 
I n  pursuing t h i s  general scheme, w e  s h a l l  consider t he  t h r e e  problems 

i n  order .  Limitat ions of  time prevent us from s e t t i n g  f o r t h  a l l  of t h e  

purely f a c t u a l  mater ia l  i n  our  report .  We s h a l l  a l s o  be very spa r ing  

i n  our  desc r ip t ion  of t he  methods w e  used and i n  reviewing t h e  l i t e r a t u r e .  

At ten t ion  w i l l  be focused mainly on t h e  app l i ca t ion  of  t he  r e s u l t s  t o  

t h e  p r a c t i c a l  needs of space f l i g h t .  

Two kinds of phenomena i n  the body o r i g i n a t i n g  from t h e  r ecep to r s  

have seve ra l  f e a t u r e s  i n  common. These phenomena arise a f t e r  exposure t o  

a c c e l e r a t i o n  or when o r i e n t i n g  points  s h i f t  i n  t h e  f i e l d  of  view of 

man and animals. Theg include ves t ibu la r  and optokine t ic  r eac t ions  . 
I n  a h igh-a l t i tude  o r  space f l i g h t ,  changes i n  a f f e r e n t  s igna l s  from 

t h e  receptors  give r i s e  t o  optokinet ic  and v e s t i b u l a r  s t imu l i ,  which 

c r e a t e  discomfort ,  impair s p a t i a l  o r i e n t a t i o n ,  and engender i l l u s i o n s  
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t h a t  make the  as t ronaut  less e f f i c i e n t  i n  performing the  d e l i c a t e  opera- 

t i o n s  involved i n  rece iv ing ,  processing, and t r ansmi t t i ng  information. 

elucidation of the  mechanisms of the  above-mentioned d is turbances  

through experiments on animals i s  e s s e n t i a l  f o r  aerospace medicine. 

The fol lowing i l l u s i o n s  a r e  known t o  a r i s e  i n  man a f t e r  v e s t i b u l a r  

s t imula t ion :  

(1) I l l u s i o n  t h a t  the  body i s  moving i n  t h e  opposi te  d i r e c t i o n  

L 4 i  
a f t e r  r o t a t i o n  ceases. 

( 2 )  Oculog$ral i l l u s i o n  - apparent movement o f  the  observed o r i e n t i n g  

point  a f te r  t h e  semic i rcu lar  canals a r e  subjected t o  angular acce le ra t ions  

(Grable).  

( 3 )  Oculogravi ta t ional  i l l u s i o n  - apparent revolu t ion  of an  observed 

o r i e n t i n g  poin t  and i t s  displacement v e r t i c a l l y  af ter  t h e  o t o l i t h s  are 

subjected t o  c e n t r i f u g a l  f o r c e s  (Grable). 

S i m i l a r  i l l u s i o n s  may occur a f t e r  op tokine t ic  s t imula t ion .  

(1) idhen a human being i s  in s ide  a l a rge  revolv ing  cy l inder  with 

s t r i p e s ,  he gets the sensa t ion  that  h i s  body is  moving i n  t h e  opposi te  

d i r e c t i o n  while t h e  cyc l inder  seems t o  be motionless (Kislyakov). 

( 2 )  Belrersive r o t a t i o n  i l l u s i o n ,  which a r i s e s  when t h e  eye moves 

from 

i n  t h e  opposi te  d i r e c t i o n  (Miller). 

revolv ing  s t r i p e s  t o  motionless ones which seem t o  bflfnoving 

( 3 )  aevers ive  postoptokinet ic  i l l u s i o n  - apparent movement i n  t h e  

opposite d i r e c t i o n  of a l i g h t  spot aga ins t  a d a r k  background fol lowing 

optokine t ic  s t imu la t ion  (Miller) ,  

(4) I l l u s i o n  of a l i g h t  spot f a l l i n g ,  which a r i s e s  when the  

s t r i p e s  move v e r t i c a l l y  from t op  t o  bottom (Mil le r ) .  
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The illusions of human beings observed in the laboratory also 

arise during actual flights, where, owing to the complex conditions, 

they result in impaired spatial orientation. Consequently, it *as ne- 

cessary to have an analog of illusions in animals in order to be 

able to study the nerve mechanisms responsible. Optokinetic stimulation 

was chosen for this purpose. 
o bt ai ne d 

We in our experiments (Kislyakov et al., 1963) a new form of 

/7 nystagmus called "reversive postoptokinetic nystagmus" (RPN) .  RPN 

occurs in rabbits after prolonged optokinetic stimulation and it is in 

a direction opposite to that of the preceding optokinetic nystagmus (OKX), 

and it lasts f o r  20 minutes or more (Fig. 2). The intensity is greatest 

during the first 10-15 minutes. 

2 

3 

Fig. 2. Electronystagmograms of OKN and RPN at various velocities of 
rotation of the cylinder: 1 rpm (1); 1.g rpm (2); 2.5 rpm ( 3 ) ;  
6 rpm (4). 

The arrows designate the time the dark screen was set up; 
dots - mark of stripes; calibration - 200 y v ;  time - 1 sec. 

7% RPN to appear is exclusion of  
A 

An essential condition f o r  
b t  

visual stimuli (darkening of the experimental room or setting up a dark 
h 

r 
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screen) .  Inc iden ta l ly ,  M i l l e r ' s  op tokine t ic  i l l u s i o n s  were s t ronges t  

when i l l umina t ion  w a s  reduced. 
t h e  

We regard RPH i n  r a b b i t s  as an analog of i l l u s o r y  optokine t ic  

r e a c t i o n s  manifested i n  t h e  ob jec t ive  i n d i c a t o r  of  nystagmus. A change 

i n  t h e  d i r e c t i o n  of nystagmus i n  RPN can be viewed as a mani fes ta t ion  

of t h e  induct ion  processes t h a t  a r i s e  i n  t h e  nerve cen te r s  a f t e r  OKN 

i s  ha l t ed ,  Consequently, during Om condi t ions  a r e  c rea ted  i n  the  nerve 

c e n t e r s  f o r  development of t he  process i n  t h e  oppos i te  d i r ec t ion .  

Bpecial  experiments with a 30-60 minute l a g  i n  darkening af ter  t h e  cessa- 

t i o n  of  op tok ine t i c  s t imula t ion  revealed t h a t  BPN occurs even a f te r  t h i s  

long  i n t e r v a l  of time. The delayed RPN i s  i n d i c a t i v e  of c i r -  

c u l a t i o n  of t r a c e  e x c i t a t i o n  i n  the nerve s t r u c t u r e s  without reaching 

t h e  e f f e c t o r s ,  i ,e, ,  t he  motor neurons of t h e  eye muscles, This suggests  

t h a t  t h e  c i r c u l a t i o n  of t r a c e  e x c i t a t i o n  occurs i n  t h e  sensory r a t h e r  

than motor region of the brain,  Based on a phenomenological s tudy of 

RPN, we have t e n t a t i v e l y  concluded t h a t  i l l u s o r y  optmkinetic r e a c t i o n s  

de r ive  from t r a c e  e x c i t a t i o n  and t h a t  t h e r e  a r e  summation and indus t ion  

processes  i n  t h e  nervous system, Our experiments show t h a t  t r a c e s  of 

previous optokine t ic  s t i m u l i  may p e r s i s t  i n  t he  c e n t r a l  nervous system 

f o r  a long time and t h a t  they may appear unexpectedly i n  t h e  form of 

d isagreeable  r eac t ions  when v isua l  s t i m u l i  are r e s t r i c t e d ,  

Optokinetic s t i m u l i  with t h e i r  changing frequency parameters are 

an inseparable  companion o f  man as he t r a v e l s  i n  a l l  kinds of modern /$ 
brings up t h e  

ground, water, a i r ,  and space vehicles .  This quest ion of 
A c  VU;o"* 

t he  s ign i f i cance  ofh l inks  i n  the  v i sua l  system i n  a d j u s t i n g  t h e  parameters 

of OKN t o  those of op tokine t ic  s t imulat ion.  RPN proved t o  be PZn important 

c r i t e r i o n  f o r  a s ses s ing  the  mechanisms of t ransformation of t h e  OKN rhythm 
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i n  r e l a t i o n  t o  t h e  frequency w i t h  which optokine t ic  s t i m u l i  succeed one 

another  i n  a u n i t  of time. Data on t h e  frequency of OKN and WN a r e  

presented i n  a general ized form i n  Fig. 3 ,  The frequency of OKN and RPN 

i s  l a i d  of f  on t h e  ord ina te  and it shows t h e  number of nystagmic o s c i l l a -  

t i o n s  pe r  minute. The ve loc i ty  o f  r o t a t i o n  of t h e  cy l inder  with s t r i p e s  

(rpm) i s  l a i d  o f f  on the  absijcasa with an  i n d i c a t i o n  o f  t h e  number of 

s t r i p e s  e n t e r i n g  t h e  r a b b i t ' s  v i sua l  f i e l d  i n  1 minute. The s o l i d  l i n e  

i n  the  graph r e f l e e t s  t h e  frequency of OKN; t h e  broken l i n e ,  t h e  frequency 

of RPN i n  the same experiments, Each dot  is based on 20-40 experiments 

on 4-6 r abb i t s .  Consequently, one can analyze from t hese  curves the  /p 

dynamics of frequency of RPN i n  r e l a t i o n  t o  t h e  p rec id ing  OKN. It i s  
#k 

evident  from t h e  f i g u r e  that t h e  rhythm of  RPN reaches a peak before 

t h a t  of OHNO This r e f l e c t s  t he  r e l a t i v e  independen f t h e  BPN rhythm 

from t h a t  of t h e  preceding OKN. The maximum frequency of  RPN i s  

v i r t u a l l y  equal t o  t h a t  of OKN. RPM i s  e s s e n t i a l l y  a mani fes ta t ion  of 

+ 
t h e  prolonged c y c l i c  a c t i v i t y  of the nystagmogenic nerve centers , rand iCe 

maximum rhythm r e f l e c t s  t h e  frequency with which these  cen te r s  may 

generate  nystagmus. This suggests t h a t  t he  appearance of t h e  p la teau  

on t h e  OKN frequency curve depended on t h e  r e so lv ing  power of t h e  nerve 

cen te r s  respons ib le  f o r  nystagmus. Based on information concerning the  
* O U & r n - t +  

frequency and v e l o c i t y  of the of s t r i p e s  ~ e m r - g  - 
- *  

from the  increase& frequency of OKN W I  

a given range of cy l inder  r o t a t i o n  f requencies  (1-6 rpm) and then  

m a i n t a i d a  s t a b l e  OKN frequency (6-15 cpm) . 

a 
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Fig. 3 .  Change i n  frequency of OKN ( s o l i d  l i n e )  and RPN (broken 
line) with d i f f e r e n t  frequency of op tokine t ic  s t imula t ion .  

Symbols: abscissa - v e l o c i t y  of r o t a t i o n  of op tok ine t i c  
cy l inder  i n  rpm; ordinate  - frequency of O W  and RPN i n  

1 - rpm; 2 - stripes/min 
nystagmic o s c i l l a t i o n s  per minute. 

The ces sa t ion  of OKN was thought t o  be due t o  achievement of a 

c r i t i c a l  frequency of  coalescence of f l a s h e s  at which t h e  r e t i n a  

cannot d i s t i n g u i s h  s t r i p e s  o r  groups of s t r i p e s  d i s c r e t e l y .  However, 

t he  ex is tence  of another ind ica tor  i n  the  form o f  RPN enabled us  t o  
L b p r c t  

t h i s  f a c t  i n  a d i f f e r e n t  way, Actual ly ,  i n  t h i s  s e r i e s  of ex- 

periments t o o ,  a l l  t h e  animals developed HPN a f t e r  v i s i o n  w a s  excluded. 

This implied t h a t  t h e  c r i t i c a l  frequency of coalescence of moving s t r i p e s  

i s  higher  and w a s  not achievednat a v e l o c i t y  of 25-27 rpm (550-594 

st r ipes/min) .  Cessation of OKN a t  t h i s  r e l o c i t y  and 

cx- 

rate e$ -erttm-+ 

L o  
of t h e  s t r i p e s  w a s  e f f ec t ed  by t h e  oculomotor apparatus  

f o r  which these  were t h e  c r i t i c a l  parameters of op tokine t ic  s t imula t ion .  

The eye i n  d iscr imina t ing  d i s c f e t e l y  t h e  black s t r i p e s  and white i n t e r v a l s  

could not r e a c t  t o  the  movement with nystagmic o s c i l l a t i o n s .  

9 



The phenomenon of RPN as a manifestat ion of t r a c e  automatic a c t i v i t y  

of  t h e  nerve cen te r s  w a s  used t o  analyze the  mechanism of t ransformation 
+*vvcmCm+ of  t h e  frequency of OKN with a d i f f e r e n t  frequency of of t h e  

s t r i p e s .  This made i t  poss ib le  t o  examine t h e  r o l e  of t h e  nerve cen te r s ,  

oculomotor apparatus ,  and r e t i n a  i n  the  t ransformation of  t h e  OKN rhythm. 

L e t  us now consider  t h e  second problem. 

The recept ive  f i e l d s  of t he  r e t i n a  perform seve ra l  operat ions i n  

t ransforming v i sua l  information: s torage  and recovery of s igna l s  from 

noises ,  change i n  s e n s i t i v i t y  t o  reso lv ing  power ( i .e . ,  increase  i n  

v i s u a l  a c u i t y  with i l l umina t ion ) ,  and impairment of c o r r e l a t i o n  of s i g n a l s  

i n  time and space (obta in ing  responses only t o  change i n  the  l i g h t  s i g n a l ,  

d i s t i ngu i sh ing  of t h e  conhburs of an  image). 

lumination t h e  rods,  which sum the s i g n a l s  over a l a r g e  a rea ,  come i n t o  

With low l e v e l s  of il- 

operat ion.  This ensures high pho tosens i t i v i ty ,  but v i sua l  a c u i t y  i s  not 

grea t .  idhen t h e r e  i s  more l i g h t ,  the  smaller  cone f i e l d s  begin t o  funct ion.  

The e f f e c t i v e  s i z e  of t h e  cone f i e l d s  diminishes a s  t he  amount o f  i l l u m i -  

na t ion  inc reases  due t o  the development of i n h i b i t i o n ,  which func t iona l ly  

c u t s  o f f  t h e  per iphera l  receptor  f i e l d s .  With low i l lumina t ion ,  a g rea t  

many receptors  are switched t o  a s ing le  ganglion c e l l ,  a l l  t h e  inpu t s  /I( 

are pos i t i ve ,  and e x c i t a t i o n  from t h e  inc ident  l i g h t  i s  summed over a 

l a r g e  a r e a  (Fig. 4a). With a high l e v e l  of i l l umina t ion ,  each r ecep to r  

has i t s  own output ,  t h e  per iphera l  receptors  send i n h i b i t o r y  signals t o  
and 

the output c e l l s  t h e  reso lv ing  power of t he  system i s  g rea t ,  but sen- 
' A  

s i t i v i t y  i s  low (an  i n s i g n i f i c a n t  f a c t  because t h e r e  i s  enough l i g h t ) .  

(Fig. 4 b). I n  going from one i l lumina t ion  t o  another ( a s  shown i n  t h e  



t op  curve,  Fig. 4 c ) , t h e  recept ive f i e l d  i s  rearranged (shown below), 

Meanwhile t h e r e  i s  an  impulse response, which l a s t s  u n t i l  e x c i t a t i o n  i n  

the  f i e l d  i s  balanced by r eac t ive  i n h i b i t i o n ,  F ina l ly ,  i n  t h e  reg ion  

of t h e  decreased i l l umina t ion  the r ecep t ive  f i e l d s  accentuate  t h e  & 
contours of t he  image. If the  d i s t r i b u t i o n  of l i g h t  on the  r e t i n a  i s  

l i k e  that shown by t h e  top  curve i n  Fig. 4 d ,  

t h e  r ecep t ive  f i e l d s  a t  t h e  place of t he  decreased i l l umina t ion  w i l l  not 

r e f l e c t  i t s  t r u e  d i s t r i b u t i o n ,  a s  shown by t h e  bottom curve, and t h e  

decrease i n  i l l umina t ion  w i l l  be accentuated, The next s t e p  i n  processing 

information i s  ca r r i ed  out by recept ive f i e l d s  of a higher  order.  

t h e  signals proceeding from 

++++ 4% 

Fig. 4, D i a g r a m  of operation of t he  r ecep t ive  f i e l d s  of t h e  
r e t i n a .  Explanation i n  t h e  text .  

A recent  mass of d a t a  show t h a t  t h e  v i sua l  analyzer  has  sevepak 

channels o r  systems, each of which descr ibes  some property of t h e  

image. The fol lowing have been p rov i s iona l ly  i d e n t i f i e d :  

a system of coding s i g n a l  i n t e n s i t y ,  a system of coding l i g h t ,  a system 

I I  



of  d i s t i ngu i sh ing  elements of form, and a system of d e t e c t i n g  movement%. 

A s  a r e s u l t ,  t h e  image i s  represented by a s e t  o f  s igna l s  which descr ibe  

i t  i n  a d i f f e r e n t  form from t h a t  projected on t h e  receptors  o f  t h e  r e t i n a .  

The purpose of t h e  mechanisms of primary processing of information 

i s  t o  remove redundancy i n  t h e  communications t ransmi t ted  through the  

v i s u a l  sptem. This redundancy is  due to. t he  s t a t i s t i c a l  p rope r t i e s  of 

t h e  ob jec t s  o f  t h e  outs ide  world and not t o  t h e  set of v i s u a l  images 

which t h e  ind iv idua l  has learned. Therefore, t h e  primary processing o f  

information i s  performed by determined mechanisms g e n e t i c a l l y  f i x e d  i n  

the  course of evolut ion.  W e  ca r r ied  out experiments t h a t  enabled us t o  

f i n d  t h e  psychophysiological expression of these  mechanisms, The 

experiments revealed t h e  time needed t o  recognize a given image. An image 

w a s  presented f o r  a prescr ibed period of time, t hen  replaced by another  

"ob l i t e r a t ing"  image t o  mask t h e  f i r s t .  Thus, a f t e r  p re sen ta t ion  of t h e  

t e s t  image, t h e  processing of information w a s  abrupt ly  ha l t ed  by switching 

t h e  v i s u a l  system t o  a new task.  I n  Fig. 5 ,  t he  time t h a t  t h e  image w a s  

shown i s  l a i d  of f  on the  absc issa ;  t h e  average amount of information 

obtained by the  ebserver  during a s i n g l e  p re sen ta t ion  i s  l a i d  off  on 

the  ordinate .  The observer was t ra ined  t o  recognizes a p a r t i c u l a r  set 

of images. The broken l i n e s  ind ica t e  t h e  r e s u l t s  of t h e  experiments 

when t h e  sets cons is ted  of segments of s t r a i g h t  l i n e s  or ien ted  i n  var ious  

ways; t h e  s o l i d  l i n e ,  when the  s e t s  cons is ted  of p i c t u r e s  of ordinary 

o b j e c t s  i n  ou t l ine .  The data were obtained a f t e r  t h e  sub jec t  was com- 

p l e t e l y  t r a ined  t o  recognize t h e  images of a p a r t i c u l a r  s e t .  (r3 

I n  recognizing 4 or 8 variously or ien ted  l i n e s ,  t h e  time of pre- 

s e n t a t i o n  does not determine the  amount of information obtained. The 

I2 



i n  t h e  v i s u a l  system due t o  learning. 

If such images a r e  presented f o r  a shor t  time, i n s u f f i c i e n t  f o r  

i n f a l l i b l e  recogni t ion,  t he  average amount of information obtained by 

the  observer during the  given period of time i s  t h e  same whether 3 ,  5 ,  or 

10 f i g u r e s  a r e  recognized and it is  d i r e c t l y  propor t iona l  t o  t h e  time 

of p re sen ta t ion  of t h e  images (as shown i n  pig,  5 by t h e  s o l i d  l i n e a ) ,  

The s lope  of t h e  s o l i d  l i n e  shows t h e  amount of  information obtained 

i n  a u n i t  of time, i .e. ,  t h e  capaci ty  of  the  v i s u a l  system. Calculat ion 

of the  capac i ty  from t h e  r a t e  of  recogni t ion  of images of  o b j e c t s  

/,.4 

36 L'tary 

i n  o u t l i n e  g i e l d s  values of 35-110 binary d i g i t s  per  second among 

d i f f e r e n t  observers  (genera l ly  about 50-70 bin i t s / sec) .  

On t h e  b a s i s  of these  and o ther  i nves t iga t ions ,  the  process of v i sua l  

r ecogn i t ion  can be conceived of i n  the fol lowing way. Af te r  primary 

t ransformation of v i sua l  information i n  the  r e t i n a ,  t he  higher  por t ions  

of  t h e  v i s u a l  analyzer distiniguisft the  elementary c h a r a c t e r i s t i c s  of  

the  image. The mechanisms of d i s t i ngu i sh ing  the  elementary c h a r a c t e r i s t i c s  

opera te  i n  accordance with standard subprograms. Thus, the time required 

t o  d e t e c t  t he  elementary c h a r a c t e r i s t i c s  does not depend on the  amount of 

information t ransmi t ted  by them. 

domplex c h a r a c t e r i s t i c s  a r e  form 

i n v a r i a n t A r e l a t i m  t o  such t ransformations of t h e  image as displacement 

i n  t h e  v i sua l  f i e l d ,  t u rn ing  within c e r t a i n  l i m i t s ,  change i n  s i z e ,  e t c .  

rom the  elementary c h a r a c t e r i s t i c 3  

i n  the  process of l e a r n i n g  t h a t  are 
-. 
tu 

Recognition of an image a s  a gene ra l i za t ion  i s  achieved by successive 

a n a l y s i s  of complex cha rac t e r i s t i c s .  

What a r e  the  impl ica t ions  of these  i n v e s t i g a t i o n s  f o r  space 

phys io logis t s?  The amount of information t h a t  the  v i sua l  system can 

r4 



process  i n  a u n i t  of time under various condi t ions and with d i f f e r e n t  

parameters of v i s u a l  s t imu la t ion  must be determined i n  order  t o  be ab le  

t o  e f f i c i e n t l y  design devices f o r  supplying v i s u a l  s igna l s  (pane ls )  /15 
when man i s  a l i n k  i n  the  cont ro l  system. This i s  e s p e c i a l l y  important 

i n  space f l i g h t  when man must a s ses s  s i t u a t i o n s  c o r r e c t l y  and quickly. 

Our i n v e s t i g a t i o n s  are a l s o  of value i n  c r e a t i n g  devices  f o r  transmitting 

v i s u a l  s igna ls .  And, f i n a l l y ,  they havesiohrtc  s ign i f i cance  i n  designing 

devices  f o r  automatic recogni t ion  of images-on new p r inc ip l e s .  

Research on t h e  r ecep t ive  f i e l d s  of  t he  r e t i n a  may be he lp fu l  i n  

s e t t i n g  up a system t o  provide f o r  simultaneous processing of informa- 

t i o n  (unl ike  t h e  successive processing o r d i n a r i l y  used i n  t e l e v i s i o n  

systems). Analysis of elementary c h a r a c t e r i s t i c s  r evea l s  t h a t  it i s  

more e f f i c i e n t  t o  feed  i n t o  a teaching system for r ecogn i t ion  signals 

produced by s tandard subprograms organized l i k e  c o r t i c a l  r ecep t ive  

f i e l d s  than s i g n a l s  coming from receptors ,  as i$ done i n  the  perceptron. 
r a t h  

The p r i n c i p l e  of successive recogni t ion  may have s t i l l  another  

appl ica t ion .  The cur ren t  programs of recogni t ion  and models of 

sens ing  devices are designed f o r  the p re sen ta t ion  of s i n g l e  images. 

A combination of s eve ra l  images recognized sepa ra t e ly  i s  something new 

and unfamil iar  f o r  them. The cons t ruc t ion  of a system t h a t  could 

fobe 

f i n d  both t h e  familiar and the  unfami l ia r  through recogni t ion  of one 

t h i n g  while i gnor ing  a l l  the  o thers  would be q u i t e  f e a s i b l e  due t o  

successive ana lys i s .  

L e t  us now examine t h e  t h i r d  and las t  problem. 



syrto*r: man as a 

r e c e i v e r  of oral information and man as a source of o r a l  information. It i s  
convenient t o  d i s t i n g u i s h  between two kinds o f  information i n  developing 

man-machi ne-man4 There a r e  two aspec t s  t o  consider i n  4. 

a 

methods of communicating e s s e n t i a l  information t o  the  operator .  One 

may be defined as information about t he  important parameters of an a c t u a l  

s i t u a t i o n  withou$%valuatiaq it. of. Zach parameter can be regarded as a 

continuous var iab le .  The a i m  of t h e  opera tor  i s  t o  evaluate  the  s i t u a -  

t i o n  from t h e  observable values of  t h e  parameters. The o t h e r  type i s  

information about decis ions.  A very simple example of a dec i s ion  i s  

switching on t h e  signal of a t t e n t i o n  o r  alarm when the  values of an 

important parameter have gone beyond permissible  l i m i t s .  It i s  obviously 

b e t t e r  here  t o  use sound signals because they can be perceived by the  

opera tor  wherever he may be i n  the cabin. Ser ious d i f f i c u l t i e s  a r i s e  

as soon as it i s  necessary t o  t ransmit  by sound signals a large volume 

of information. The accuracy of absolu te  d iscr imina t ion  of a r t i f i c i a l  

sound signals i s  known t o  be very low. Studies  c a r r i e d  out  i n  the  

I n s t i t u t e  of Physiology have shown t h a t ,  i n  add i t ion ,  t he  t ime of re- 

a c t i o n  t o  sound when mul t ip le  choices a r e  poss ib l e  inc reases  g rea t ly ,  

One s o l u t i o n  i s  t o  use e i t h e r  o ra l  communications (optimum s i t u h t i o n )  

or speech-like a r t i f i c i a l  s igna ls .  /17 

Fig. 6 shows the  p o s s i b i l i t y  of recognizing 3-element sound se- 

quences c o n s i s t i n g  of  vowels (curve 1) or pure tones (curve 2). 

The dura t ion  of t h e  elements o f  the sequence i s  l a i d  o f f  on t h e  

absc i s sa ;  t h e  amount of information dtceived, on t h e  ord ina te ,  

It can be seen t h a t  t he  vowel sequences f a i r l y  w e l l  d i s t inguished  a <e 

by man when the  du ra t ion  of each vowel i s  100-200 msec. Tonal sequences 

o f ~ i m i l a  & r a t i o n  cannot be d is t inguished  a t  a l l .  S a t i s f a c t o r y  d iscr imina t ion  

16 
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wider t h e  choice, t h e  more information t h e  observer ob ta ins  i n  the  same 

l eng th  of time. This i s  t o  be expected i f  a s t r a i g h t  l i n e  i s  de tec ted  by 

the mechanisms o f  the  recept ive  f i e l d  opera t ing  i n  accordance with a 

s tandard program; t h e  time required t o  d e t e c t  such a c o n f i g u r a t i m i s  de- 

termined wholly by t h e  condi t ions under which the  signal w a s  formed. 

This i s  recogni t ion  from a prepared model, from a comparison with a s tored  

s tandard.  The de tec t ion  of very simple conf igura t ions  l i k e  t h e  segment of  

a s t r a i g h t  l i n e  of a given o r i e n t a t i o n  may be regarded a s  the  i d e n t i f i c a -  

t i o n  of t h e  elementary c h a r a c t e r i s t i c s  of form. 

Fig. 5 .  Relat ionship between the  amount of information obtained 
by an observer and the  time requi red  f o r  processing t h e  
information i n  t h e  v isua l  system after recogni t ion  of 
var ious ly  or ien ted  l i n e s  and p i c t u r e s  o f  ob jec t  s. 

S i z e  of image 4 O .  
1 - 49 binary d ig i t s / s ec ;  2 - msec 

I n  recognizing sets of complex figures, t h e  time requi red  f o r  

a pe r fec t  performance i s  proport ional  t o  the  number of f i g u r e s  t h a t  

t h e  observer w a s  l e d  t o  expect under the  experimental condi t ions.  The 

very f a c t  t h a t  t he  time required f o r  recogni t ion  v a r i e s  with the  s i z e  

of t h e  alphabet of poss ib le  images suggests t h a t  t he re  a r e  rearrangements 



le? n ,+hhctlcd 
is achieved only when the duration of the tones is to 

400-500 mseb. 

I 

Fig. 6 .  Relationship between discrimination of 3-element 
Sequences and duration of constituent sounds. 
1 - sequences consisting of vowels (u, a, e); 
2 - sequbnces consisting of tonal signals (150 cps, 
500 cps, 1600 cps). Abscissa - duration of an 
element in a sequence; ordinate - amount of 
information received, calculated from the data 
from 15 listeners. Amount of information trans- 
mitted - 2.6 binary digits per sequence (choice 
of 6 different but equally probable sequences). 

A remarkable feature of speech perception is the very rapid recoding 

of auditory images into motor articulatory images of audible sounds. 

This is particularly by the fact that man can repeat what he has 
&r;dLIIC4 

heard after a very brief delay (120-150 msec). /re 
There is reason to believe 

that the space occupied by the motor character- 

istics of the articulatory images is much smaller than that of the 

acoustic hharacteristics. Consequently, the change f r o n  continuous 

sound at the input of the auditory system to its description by a 



. 

s e r i e s  of di.sore%a motor images means t h a t  t he re  i s  a very marked 

reduct ion  of information, t h a t  the da t a  a r e  presented i n  a new and 

highly economical form. 

Special  experiments showed, however, t h a t  t h e  s i z e  of t he  
a 

opera t iona l  memory for s e r i e s  of motor images l ikewise i s  not very 

l a r g e  - about 7 sy l l ab le s .  This means t h a t  a person cannot remember 

pvrcly in a long  sentence as a succession of s y l l a b l e s  lack ing  meaning. 

He must 
5 e d d  ,,,,A& pm-ifefsp 6 t u r n  t o  new elements of descr ip t iof i  
1 

even more economica r e sen ta t ion  of  the data .  The experimental f i nd ings  

suggest t h a t  the  next s t age  i n  information processing i s  i d e n t i f i c a t i o n  

and ana lys i s  of t h e  word forms. A word form i s  remembered not as a 

+ 
/rs 

series of s y l l a b l e s  o r  phonemes but as a set of grammatical and l e x i c a l  

c h a r a c t e r i s t i c s  desc r ib ing  the pos i t i on  of t h a t  word form among t h e  

poss ib l e  word forms i n  the  given language. I n  o the r  words, t h i s  stage 

rep resen t s  t h e  s h i f t  from desc r ip t ion  of a communication i n  t h e  space 

of t h e  motor speech c h a r a c t e r i s t i c s  t o  i t s  desc r ip t ion  i n  t h e  space 

of t h e  l i n g u i s t i c  c h a r a c t e r i s t i c s  which r e f l e c t  language r a t h e r  than speech. 

We should l i k e  t o  stress here t h a t  a l l  t h i s  complexity i n  organizing 
by wo mean> 

speech percept ion i s  excessive because it helps  t o  overcome the  

d i f f i c u l t i e s  a t tendant  on processing sound information due t o  the  l imi t ed  

s i z e  of  the. ope ra t iona l  memory. This should be borne i n  mind ;bs M C  
s r t t c n p t i n j  

t o  c rea t e  a r t i f i c i a l  "languages" of sound signal 

systems . 
A method has been developed for t h e  combined recording and measure- 

ment of a r t i c u l a t o r y  parameters under t h e  dynamic condi t ions of normal 

speech flow (Kozhevnikov, Chistovich e t  al.).  A number of sensors  



are used f o r  simultaneous and continuous record ing  of the  fol lowing 

i n d i c e s  i n  t h e  form of e l e c t r i c  s igna ls :  

(1) Respiratory movements at d i f f e r e n t  l e v e l s  o f  t he  chest  and 

abdomen ; 

( 2 )  I n t r a o r a l  p ressure ;  

( 3 )  Rate of a i r  movement f r o m  t h e  mouth; 

(4) Rate of air  movement from t h e  n o s t r i l s ;  

( 5 )  Lip movements; 

( 6 )  Lower j a w  movements; 

( 7 )  Dynamic palatogram (dynamics of t h e  tongue touching var ious  

p a r t s  o f  t h e  hard pa l a t e ) ;  

(8)  Vibrat ions of t h e  vocal fo lds ;  

( 9 )  Acoustic p a t t e r n  i n  the  nasal c a v i t i e s ;  

(10) Normal acous t i c  patterm of speech recorded by a microphone; 
of Hc 

(11) Electromyograms of severa l  muscles involved i n  a r t i c u l a t i o n .  
4 

Fig. 7 shows a subjec t  with t h e  p r inc ipa l  sensors  of  t h e  

a r t i c u l a t o r y  parameters. 

The p o s s i b i l i t y  of accurately comparing the  time r e l a t i o n s  

between t h e  var ious a r t i c u l a t o r y  phenomena i n  the  course of normal 

speech flow and t h e  p o s s i b i l i t y  of ob ta in ing  a s u e f i c i e n t  mass of 
d a t a  

f o r  s ta t i s t ica l  purposes enabled us t o  conduct i n v e s t i g a t i o n s  

aimed at determining: (a)  t h e  elements t h a t  make up t h e  flow of 

speech, and (b) t h e  general  p r inc ip l e s  underlying t h e  cons t ruc t ion  

of a flow o f  speech f rom these  elements. 
o e m n d  

The main experimental 

d a t e r i a l  enbraced a s t a t i s t i c a l  study of t he  time p a t t e r n  of a r t i c u l a t i o n  

with changes i n  speech tempo, quan t i t a t ive  a n a l y s i s  o f  t h e  phenomenon 



of a r t i f i c i a l l y  induced stammering during delayed acous t i c  feedback, 

observat ions on the  e f f e c t s  of reduct ion and i n t e r s t r a t i f i c a t i o n  o f  

i nd i v i  dual ar t  i cu l  a t  o ry phenomena , i nve s t i gat  ions  of  8 fie 2 c h a r m  t iri s t i c s 

of r e s p i r a t i o n  during speech, and some o ther  experiments. Space 
& t m S ' k u d i d  

p w & r s  s&&firG al l  
t h i s  mater ia l  i n  our r epor t ,  %at w e  can ex- 

p re s s  the  fol lowing thoughts on the  elements and p r i n c i p l e s  involved 

i n  t h e  organizat ion of speech. 

Fig. 7. Subject with the  p r inc ipa l  sensors  of t h e  
a r t icu la&ory  parameters. 



The sets of movements required t o  fash ion  s y l l a b l e s c o n s t i t u t e  t he  

bas i c  elements successively rea l ized  i n  the  speech apparatus t o  c r e a t e  

connected speech. A c h a r a c t e r i s t i c  of Russian s y l l a b l e s  ( c.Y?atcy hY 

Ytr ,k/  
prevalent  l i n g u i e t i c  ) is t h e i r  openness, for they inva r i ab ly  end 

i n  a vowel, The coordinat ion of movements wi th in  each s y l l a b l e  i s  com- 

plex. E f fec to r  i n s t r u c t i o n s  .for G %ccF t30 1 
a r t i c u l a t o r y  V of t h e  sy (labie 

P r o p -  a r e  supplied with a considerable  overlapping i n  

time and only e s s e n t i a l l y  an tagonis t ic  movements are i n  s t r i c t  
p*r-Armd 

L,pf *c 6P-h O c 9 9  
succession. The coordinat ion of movements)TFiat make up the  s y l l a b l e ,  

; I c c c n L l , & d  
as might be expected, i s  c h i e f l y  a t  the  lowest l e v e l s  of t he  

nervous system. The s y l l a b l e  may be regarded, t he re fo re ,  as a kind 

of "uni t "  containing a d e f i n i t e  par t  of t h e  speech synthes is  program. 

I n  connected speech the  s y l l a b l e s  a r e  combined i n t o  larger, u n i t s  /2( 
of "physiological organizat ion" of t h e  speech f l o w  - syntagmas, A 

syntagma can be i d e n t i f i e d  because of a p e c u l i a r i t y  of speech r e sp i r a t ion .  

I n  a r t i c u l a t i n g  a syntagma,intrapulmonary pressure  i s  continuously main- 

t a ined ;  i n s p i r a t i o n  i s  possible  only  between syntagmas, A syntagma 

i s  thus  a r a t h e r  long  segment of a program t h a t  con t ro l s  speech synthes is .  

It embodies a sequence of sy l l ab le s  u t t e r e d  i n  a complex rhythm, 

R i g .  8 i s  a d i a g r a m  of t h e  p r inc ipa l  operat ions c a r r i e d  out during t h e  

syn thes i s  of s y l l a b l e s  and syntagmas i n  o r a l  speech. 

The da ta  obtained from our inves t iga t ion  of t h e  dynamics of 

a r t i c u l a t o r y  movements i n  t h e  flow of speech warrant the fol lowing as- 

sumption. The change from t h e  succession of phonemic symbols t h a t  

descr ibes  t h e  sentence program at the  highest  l e v e l s  o f  speech con t ro l  

t o  the  succession of a r t i c u l a t o r y  movements inc ludes  t h e  breakdown of 
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t h e  series of phonemes i n t o  groups, each o f  which ends i n  a vowel. 

The groups o f  symbols a r e  supplied one a f t e r  t h e  o the r  t o  the  input  

o f  t h e  motor system proper and used f o r  t h e  synthes is  or s e l e c t i o n  o f  

t h e  appropr ia te  a r t i c u l a t o r y  complex. This ensures an extremely high 

r a t e  of c r e a t i n g  information by means of speech. 

Fig. 8. Diagram of operat ions performed during the  synthes is  of  
s y l l a b l e s  and syntagmas. 

A - syntagma program u n i t ;  B 
C - a r t i c u l a t o r y  movements ( a c t u a t i n g  elementsll); a - " t r i g g e r  
s ignal t1of  syntagma; bl, b2. ..b 
c t l ,  ct2.. . c f  

d l , d s ,  - cor rec t ion  s igna l s  of s y l l a b l e  program. 

B2...B - s y l l a b l e  program u n i t s ;  
It' n 

- " t r igge r  s igna l s "  of s y l l a b l e s ;  - " t r igge r  s i g n h s "  of a r t i c u l a t o r y  movements; n 

L 
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Natural ly ,  t h i s  method of so lv ing  t h e  problem of a c c e l e r a t i n g  t h e  

r a t e  of t ransmission o f  information i s  f e a s i b l e  only i f  the  number of 

&z 

muscle groups p a r t i c i p a t i n g  i n  the c r e a t i o n  of complexes is  s u f f i c i e n t l y  

l a r g e  and t h e  s e t  of i n s t ruc t ions  f o r  them (i.e.,  t h e  number of 

d i s t i ngu i shab le  a r t i c u l a t o r y  complexes) i s  very grea t .  There a r e  

s e v e r a l  thousand d i f f e r e n t  sy l lab les .  Also, t he  coordinat ion of 

movements wi th in  a complex has t o  be very p rec i se , a s  i n  speech. 

In the  l i g h t  of  t h e  foregoing, i t  i s  not r e a l i s t i c  t o  assume 

that  a new a r t i f i c i a l  system of  movements can be devised t o  provide 

t h e  same r a t e  of t ransmission of information as i n  

Then too  the re  i s  a remarkable coincidence of t he  c a p a c i t i e s  o f  

t h e  visual system and t h e  speech apparatus ( 5 0  binary d i g i t s  per second), 

which t e s t i f i e s  t o  t h e  ex is tence  o f  good agreement i n  processed in-  

formation as between the  "input" and 8voutput" of t h e  nervous system. 

movements & +L s t ~ o ~ ~ f i ~ .  

q u a n t i t a t i v e  

A 

Voice communication i s  c l e a r l y  the most promising method of t rans-  

m i t t i n g  information from t h e  astronaut  t o  the  machines. This means 

t h a t  i n v e s t i g a t o r s  must concentrate on developing devices for 

automatic speech recogni t ion.  
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